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ABSTRACT
In this paper we compute new multi-zone photo-chemical evolution models for
elliptical galaxies, taking into account detailed nucleosynthetic yields, feedback from
supernovae and an initial infall episode. By comparing model predictions with obser-
vations, we derive a picture of galaxy formation in which the higher is the mass of
the galaxy, the shorter are the infall and the star formation timescales. Therefore, in
this scenario, the most massive objects are older than the less massive ones, in the
sense that larger galaxies stop forming stars at earlier times. Each galaxy is created
outside-in, i.e. the outermost regions accrete gas, form stars and develop a galactic
wind very quickly, compared to the central core in which the star formation can last
up to ∼ 1.3 Gyr. In particular, we suggest that both the duration of the star formation
and the infall timescale decrease with galactic radius. In order to convert theoretical
predictions into line-strength indices, different calibrations are adopted and discussed,
focussing in particular on their dependence on the α−enhancement.
By means of our model, we are able to match the observed mass-metallicity and
color-magnitude relations for the center of the galaxies as well as to reproduce the
overabundance of Mg relative to Fe, observed in the nuclei of bright ellipticals, and its
increase with galactic mass. Furthermore, we find that the observed Ca underabun-
dance relative to Mg can be real, due to the non-neglibile contribution of type Ia SN
to the production of this element. We predict metallicity and color gradients inside
the galaxies which are in good agreement with the mean value of the observed ones.
Finally, we conclude that models with Salpeter IMF are the best ones in reproduc-
ing the majority of the properties of ellipticals, although a slightly flatter IMF seems
to be required in order to explain the colors of the most massive galaxies.
Key words: galaxies: ellipticals: chemical abundances, formation and evolution
1 INTRODUCTION
Any model of galaxy evolution presented so far had to
overcome the strong challenge represented by the observa-
tional fact that elliptical galaxies show a remarkable uni-
formity in their photometric and chemical properties. The
first proposed scenario of elliptical formation was the so-
called monolithic collapse scenario (Larson 1974; Matteucci
& Tornambe’, 1987; Arimoto & Yoshii, 1987, AY; Chiosi &
Carraro, 2002). In this framework, ellipticals are assumed to
have formed at high redshift as a result of a rapid collapse
of a gas cloud. This gas is then rapidly converted into stars
by means of a very strong burst, followed by a galactic wind
powered by the energy injected into the interstellar medium
(ISM) by supernovae and stellar winds. The wind carries out
the residual gas from the galaxies, thus inhibiting further
star formation. Minor episodes of star formation, related to
gas accretion from the surrounding medium or interactions
with neighbors, are not excluded although they do not in-
fluence the galactic evolution. On the other hand, thanks
to the success of the cold dark matter theory in reproduc-
ing the anisotropy of the Cosmic Microwave Background, an
alternative scenario of galaxy formation based on the Hier-
archical Clustering scenario for the formation of dark matter
halos was proposed. Hierarchical semi-analytic models pre-
dict that ellipticals are formed by several merging episodes
which trigger star-bursts and regulate the chemical enrich-
ment of the system (White & Rees, 1978). In this picture
massive ellipticals form at relatively low redshifts through
major mergers between spiral galaxies (e.g. Kauffmann &
White, 1993; Kauffmann & Charlot, 1998).
In the following we will refer to the monolithic collapse
as the model in which ellipticals formed relatively quickly
and at high redshift as opposed to the hierarchical clustering
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scenario where ellipticals are believed to form over a large
redshift interval.
The high redshift formation of ellipticals is supported
by observations showing an increase in the strength of the
metal absorption lines (Mass-Metallicity relation, e.g. Car-
ollo et al., 1993; Gonzalez, 1993; Davies et al., 1993; Trager
et al. 1998, 2000) and a reddening of the stellar light (Color-
Magnitude relation, hereafter CMR, Bower et al., 1992) with
the velocity dispersion of the galaxies. If we interpret the
measure of the spectral indices as a measure of the metal-
licity by means of a suitable calibration, we derive a picture
in which these two relations can be explained primarily as
a metallicity sequence (Kodama & Arimoto 1997). In other
words, the most massive ellipticals are also the most metal
rich. This fact was interpreted by Larson (1974) as due to the
galactic winds which should occur later in the most massive
objects, thus allowing the star formation process to continue
for a longer period than in small galaxies. In particular, the
higher is the mass of the galaxy, the larger is the chemical
enrichment, the redder are the colors. However, this inter-
pretation based on the galactic winds has been changed in
the last years, owing to the observed [Mg/Fe] ratio in the
central parts of ellipticals and its trend with galactic mass.
In the last decade there was an increasing evidence that
[Mg/Fe] ratio is larger than zero in the core of bright galax-
ies (e.g. Faber et al., 1992; Carollo et al., 1993; Davies et al.,
1993; Worthey et al., 1992), suggesting that the star forma-
tion lasted for a period shorter than the time at which the
pollution from type Ia SNe becomes important (see Weiss
et al., 1995). In fact, an overabundance of Mg relative to
Fe is the clear sign that a short process of galaxy forma-
tion occurred before than a substantial number of type Ia
SNe could explode and contribute to lower the [Mg/Fe] ra-
tio (time-delay model, see Matteucci 2001). In addition, the
[Mg/Fe] ratio in the cores of ellipticals increases with galac-
tic mass (Worthey et al. 1992; Weiss et al. 1995; Kuntschner
2000, 2001) indicating, among the possible solutions, that
the star formation lasted for a shorter period in the more
massive systems (’inverse wind’, Matteucci 1994). This is
clearly at variance with the ’classical wind scenario’ of Lar-
son. Other possible solutions to the increase on [Mg/Fe] as
a function of galactic mass are a variable IMF and/or a de-
crease of the dark matter content as a function of galactic
mass (see Matteucci et al., 1998).
On the other hand, recent models with selective merging
(i.e. large galaxies merge only with large galaxies) were able
to reproduce the Mg-σ relation (e.g. Worthey & Collobert,
2003) and the CMR (e.g. Kauffmann & Charlot, 1998), but
they still cannot explain the [Mg/Fe]-mass relation (Thomas
et al. 1999, Thomas & Kauffmann 1999, Kuntschner 2000).
Moreover, line-indices and color gradients are observed
in ellipticals (e.g. Carollo et al., 1993; Peletier et al., 1990).
Also in this case, they can be reproduced by means of a
variation in the mean metallicity of the stellar population
as a function of the radius (Tantalo et al., 1998b; Martinelli
et al., 1998; Tamura et al., 2000) in the context of monolithic
models, whereas hierarchical assembly of galaxies seems to
produce milder slopes than the observed ones (e.g. Bekki &
Shioya, 1999).
One of the main characteristics which makes ellipticals
a very appealing test bench for any scenario of galaxy for-
mation, is that they exhibit tight relations not only in the
chemical properties, but also in the dynamical ones. It is
well known that elliptical galaxies populate a plane (Fun-
damental Plane, FP) in the space defined by the effective
radius (Reff ), the mean surface brightness within Reff and
the central velocity dispersion σ (Dressler et al., 1987; Djor-
govski & Davies, 1987; Bender et al., 1992; Burstein et al.
1997). In particular, cluster ellipticals show a very small
scatter around the FP and such a tight scaling relation is
interpreted as an evidence of a highly standardized and syn-
chronized formation of these galaxies. Formation of ellipti-
cals at high redshift can reasonably explain the tightness of
this plane, whereas predictions based on hierarchical models
seem to be at odds with dynamical evidences deriving from
the study of the FP, at least in the case of non-dissipative
merging (e.g. Nipoti et al., 2002, 2003). From a dynami-
cal perspective, evidences favouring the hierarchical scenario
are represented by the observed interacting galaxies (on-
going mergers), ellipticals with disturbed morphologies (i.e.
counter-rotating cores, dust lanes, ripples, e.g. Kormendy &
Djorgovski, 1989), the morphology-density relation in clus-
ters (Dressler et al., 1997) and the Butcher-Oemler effect
(Butcher & Oemler, 1978, although it could be related only
to lenticular galaxies).
Thanks to the new generation telescopes, the above-
mentioned relations for the local universe are found to hold
also at high redshift. In particular, recent observations of the
lack of significant change in the slope and in the scatter of
the CMR (Stanford et al., 1998), the slow evolution of colors
(e.g. Saglia et al. 2000; Ellis et al., 1997), mass to light ratios
(e.g. van Dokkum & Franx, 1996; Rusin et al., 2003; van de
Ven et al., 2003) and line strength indices of cluster early-
type galaxies out to z ∼ 1 (e.g. Bernardi et al., 2003; van
Dokkum et al. 1998) suggest that their stars were formed
at high redshift (z > 3) in a well synchronized epoch, and
then evolved quiescently. In summary, many observations
(see Peebles 2002 for a review) suggest that ellipticals could
already be in place at z ∼ 2 − 3, and their high-redshift
counterpart could be represented by Lyman Break Galaxies
(Steidel et al., 1996a,b) which show chemical abundances
and star formation rates consistent with those of a rapidly
evolving elliptical in their early evolutionary phases (e.g.
Matteucci & Pipino, 2002), or by Extremely Red Objects
(EROs, e.g. Daddi et al., 2000; Miyazaki et al., 2003).
Peebles (2002) critically reviewed the still standing
problems and the differences between these two competing
scenarios for galaxy formation, pointing out that this clas-
sification is now becoming meaningless, surviving only in
historical sense (for another very recent review see de Fre-
itas Pacheco et al., 2003), since probably the best way to
explain the whole set of observables within a cosmological
framework would request both scenarios to converge. There-
fore, in order to shed light on this issue, this paper represents
the first in a series in which we intend to investigate the for-
mation and the evolution of elliptical galaxies and the role
played by the SN feedback, infall timescale, star formation
efficiency and stellar nucleosynthesis in driving the mass-
metallicity and the color-magnitude relations, as well as the
Mg overabundance and the radial gradients in metallicity
and colors.
In particular, in this article we present a new photo-
chemical evolution model for ellipticals, in which, for the
first time, the inverse wind scenario plus an initial infall
c© 0000 RAS, MNRAS 000, 000–000
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episode are adopted whithin a multi-zone formulation. The
model results are then compared with the observations, in
order to fix the best set for our input parameters and to de-
fine the best model. Under reasonable assumptions on the
behaviour of the infall timescale and the star formation effi-
ciency with galactic mass, we show how this kind of model
can reproduce the whole set of chemical and photometric
observables simultaneously.
In the forthcoming papers we shall compare our best-
model results with those from a hierarchical formation sce-
nario, merger-induced starburst, prolonged star formation,
and we shall make predictions for X-ray halos of ellipticals
and the chemical enrichment of the intra-cluster medium.
This paper is organized as follows: in section 2 we present the
model. Section 3 is dedicated to the photo-chemical proper-
ties. In section 4 we discuss the results and draw the conclu-
sions for our best model. In the following, conversion from
cosmic time to redshift is done for a cosmological model
with Ωm = 0.3, ΩΛ = 0.7 and Ho = 70 kms
−1Mpc−1. For
all models we assume a redshift of formation of 5. Under
this assumption we have an age of ∼ 12.3Gyr for our model
galaxies. This age has been chosen in order to reproduce the
observed CMR.
2 THE MODEL
The adopted chemical evolution model is an up-dated ver-
sion of the multi-zone model of Martinelli et al. (1998)
and Pipino et al. (2002), in which we divide an elliptical
galaxy into several non-interacting shells. In particular, we
use spherical shells with a fixed thickness of 0.1 Reff , where
Reff is the galactic effective radius, and limit our analysis
to 10 Reff , unless otherwise stated. In the following we refer
to the 0− 0.1Reff as the central zone, or the galactic core.
For each shell we calculate the evolution of the elemental
abundances by means of the equation of chemical evolution:
dGi(t)
dt
= −ψ(t)Xi(t) +
+
∫ MBm
ML
ψ(t− τm)Qmi(t− τm)φ(m)dm +
+A
∫ MBM
MBm
φ(m)
[∫ 0.5
µmin
f(µ)ψ(t− τm2)dµ
]
dm +
+(1− A)
∫ MBM
MBm
ψ(t− τm)Qmi(t− τm)φ(m)dm +
+
∫ MU
MBM
ψ(t− τm)Qmi(t− τm)φ(m)dm +
+(
dGi(t)
dt
)infall ,
where Gi(t) = ρgas(t)Xi(t)/ρgas(0) is the mass density of
the element i at the time t normalized to the initial value of
the gas density.Xi(t) is defined as the abundance by mass of
the element i. By definition
∑
i
Xi = 1. We refer the reader
to Matteucci & Gibson (1995) and Matteucci & Greggio
(1986) for a comprehensive discussion of this equation. Here
we recall that the integrals in the right-hand side of the
equation give the rate at which the element i is restored
into the interstellar medium (ISM) as unprocessed or newly-
synthesized element by low- and intermediate-mass stars,
SNIa and SNII, respectively. The last term represents the
infall rate, namely the rate at which the gas is assembling
to form the galaxy.
The variable ψ is the star formation rate, for which we
adopted the following law:
ψ(t) = ν · ρgas(t) , (1)
namely it is assumed to be proportional to the gas density
via a constant ν which represents the star formation effi-
ciency. We assume ν as an increasing function of the galactic
mass (see Tables 1, 2 and 3) in order to reproduce the ’in-
verse wind model’ (Matteucci, 1994, Matteucci et al., 1998).
The star formation history of a particular shell is thus deter-
mined by the interplay between the infall timescale at that
radius, the star formation efficiency and the occurrence of
the galactic wind (i.e. the energetic feedback from SNe and
stellar winds). In each zone we assume that ψ = 0 after the
development of the wind.
φ(m) ∝ m−(1+x) is the initial mass function (IMF),
normalized to unity in the mass interval 0.1−100M⊙ . In the
following we shall use only the exponents x=1.35 (Salpeter,
1955) and x=0.95 (AY).
One of the fundamental points upon which our model is
based, is the detailed calculation of the SN explosion rates.
For type Ia SNe we assume a progenitor model made of a
C-O white dwarf plus a red giant (Whelan & Iben, 1973),
then we have:
RSNIa = A
∫ MBM
MBm
ϕ(MB)
∫ 0.5
µm
f(µ)ψ(t− τM2)dµ dMB ,(2)
(Greggio & Renzini, 1983; Matteucci & Greggio, 1986),
where MB is the total mass of the binary system, MBm =
3M⊙ and MBM = 16M⊙ are the minimum and maximum
masses allowed for the adopted progenitor systems, respec-
tively. µ = M2/MB is the mass fraction of the secondary,
which is assumed to follow the distribution law:
f(µ) = 21+γ(1 + γ)µγ . (3)
Finally, µm is its minimum value and γ = 2 The predicted
type Ia SN explosion rate is constrained to reproduce the
present day observed value (Cappellaro et al., 1999), by fix-
ing the parameter A in eq. (2). In particular, A represents
the fraction of binary systems in the IMF which are able
to give rise to SN Ia explosions. In the following we adopt
A = 0.18 (0.05) for a Salpeter (AY) IMF.
On the other hand, the type II SN rate is:
RSNII = (1− A)
∫ 16
8
ψ(t− τm)ϕ(m)dm
+
∫ MU
16
ψ(t− τm)ϕ(m)dm , (4)
where the first integral accounts for the single stars in the
range 8-16M⊙, and MU is the upper mass limit in the IMF.
2.1 Energetics
2.1.1 Binding Energy
We evaluated the binding energy of the gas in the i-th zone
as
c© 0000 RAS, MNRAS 000, 000–000
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EiBin(t) =
∫ Ri+1
Ri
dL(R) , (5)
where dL(R) is the work required to carry a quantity dm =
4piR2ρgasdR of mass out to infinity and Ri is the radius of
the i-th shell (Martinelli et al., 1998). The baryonic mat-
ter (i.e. star plus gas) is assumed to follow the distribution
(Jaffe, 1983):
Fl(r) ∝ r/ro
1 + r/ro
, (6)
where ro = Reff/0.763.
We assume that the dark matter (DM) is distributed
in a diffuse halo ten times more massive than the baryonic
component of the galaxy with a scale radius Rdark = 10Reff
(Matteucci 1992), where Reff is the effective radius. The
DM profile is taken from Bertin et al. (1992). Other cases
with a more concentrated DM lead to delayed winds and
thus to prolonged star formation, at odds with observations
(Martinelli et al. 1998).
2.1.2 Feedback from Supernovae
We adopt two different recipes for SNIa and SNII, respec-
tively. For SNII we assume that the evolution of the energy
in the ’snowplow’ phase is regulated by Cioffi et al. (1988)
cooling time. This timescale takes into account the effect of
the metallicity of the gas, and therefore, one can model in a
self-consistent way the evolution of a SNR in the ISM. Due
to significant cooling by metal ions, only a few percent of
the initial ∼ 1051 erg (blast wave energy) can be provided to
the ISM. On the other hand, for type Ia SNe, we follow the
suggestions put forward by Recchi et al. (2001) in the mod-
elling of dwarf galaxies. Recchi et al. (2001) assume that,
since SNIa explosions occur in a medium already heated by
SNII, they contribute with the total amount of their energy
budget (1051 erg), without radiative losses. This result has
been already adopted by Pipino et al. (2002), who repro-
duced realistic models for ellipticals and the Fe abundance
in the ICM. However, Pipino et al. (2002) stressed that, ow-
ing to the larger number of SNII relative to SNIa, the typi-
cal efficiency of energy release to the ISM averaged on both
types of SN is ∼ 20%. Since we use a chemical evolution
code which adopts the same formulation for the feedback
as in Pipino et al. (2002), we consider a ∼ 20% mean effi-
ciency in energy transfer as a representative value also for
the model galaxies presented in this paper.
We define the time when the galactic wind occurs (tgw)
as the solution of the following equation:
Eith(tgw) = E
i
Bin(tgw) , (7)
2.2 Infall
The main novelty of this paper relative to our previous ones
(Matteucci et al., 1998; Martinelli et al., 1998; Pipino et al.,
2002) is that we simulate the creation of the spheroid as due
to the collapse of either a big gas cloud or several smaller gas
lumps. The infall term in the chemical modelling of ellipti-
cals was first introduced by Tantalo et al. (1996) and Ko-
dama & Arimoto (1997) following a suggestion of Bressan et
al. (1994), in order to solve a problem similar to the ’Clas-
sical G-Dwarfs Problem’ (e.g. Tinsley 1980) in the Milky
Way. In particular, Bressan et al. (1994; see also Worthey
et al., 1996) claimed that the UV-excess predicted by their
theoretical spectral energy distribution (SED) could be rec-
onciled with the observed one only by reducing the excess of
low-metal stars. This can be done by relaxing the closed-box
approximation and introducing an initial infall of gas which
modulates the star formation, thus preventing the forma-
tion of too many low metallicity stars. The infall makes the
star formation rate to start from a smaller value than in
the closed box case, to reach a maximum and, then, to de-
crease when the star formation process becomes dominant.
This treatment is certainly more realistic since it includes
the simulation of a gas collapse.
The infall term is present in the right-hand side of the
equation of the chemical evolution, and the adopted expres-
sion is:
(
dGi(t)
dt
)infall = Xi,infallCe
− t
τ , (8)
where Xi,infall describes the chemical composition of the
accreted gas, assumed to be primordial. C is a constant ob-
tained by integrating the infall law over time and requiring
that ∼ 90% of the initial gas has been accreted at tgw (in
fact, we halt the infall of the gas at the occurrence of the
galactic wind). Finally, τ is the infall timescale. We note
that models in which τ → 0 are equivalent to the standard
closed box model with all the gas already in place when the
star formation starts.
A novelty in our formulation is that we adopted a new
approach to the gas accretion history. In fact, at variance
with previous works where τ was a-priori related to the free-
fall timescale (Tantalo et al., 1996; Romano et al., 2002), we
decided to consider the infall timescale as a free parameter.
In particular, we decided to tune τ in each zone of the galaxy
by requiring our models to fit the metallicity and color gradi-
ents (for a detailed discussion see section 3.2), as well as the
mass metallicity and the color-magnitude ralations. In the
following we show results for models with infall timescales
assumed to be either constant or a decreasing function of the
mass. On the other hand, we adopted in each model a star
formation efficiency increasing with mass, in order to predict
a [Mg/Fe] ratio increasing with galactic mass, as suggested
by Matteucci (1994).
2.3 Stellar Yields
We follow in detail the evolution of 21 chemical elements
and to do that we need to adopt specific prescriptions for
the stellar nucleosynthesis. In particular, our nucleosynthesis
prescriptions are:
(i) For single low and intermediate mass stars (0.8 ≤
M/M⊙ ≤ 8) we make use of the yields of van den Hoek
& Groenewegen (1997) as a function of metallicity.
(ii) We use the yields by Nomoto et al. (1997) for SNIa
which are assumed to originate from C-O white dwarfs in bi-
nary systems which accrete material from a companion (the
secondary) and reach the Chandrasekar mass and explode
via C-deflagration .
(iii) Finally, for massive stars (M > 8M⊙) we adopt the
yields of Thielemann et al. (1996, TNH96) which refer to
c© 0000 RAS, MNRAS 000, 000–000
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the solar chemical composition, and the yields of Woosley
& Weaver (1995, WW95 hereafter) corresponding to the so-
lar chemical composition. In particular, we assumed WW95
case A for stars with masses < 30M⊙, and case B for
≥ 30M⊙. We also computed one case where the yields of Mg
of WW95 were corrected as recently suggested by Franc¸ois
et al. (2003) (case WW95m) to best fit the solar neighbour-
hood stars. In particular, we increased the contribution to
the Mg by a factor of ∼ 10 in the mass range 11−22M⊙ and
lowered it by the same factor in stars with mass > 22M⊙,
relative to the original WW95 results. In the following we
always refer to the TNH96 yields, unless otherwise stated.
2.4 Photometry
We calculate the detailed photometric evolution for ellipti-
cal galaxies of different baryonic mass (1010, 1011, 1012M⊙)
by applying the spectro-photometric code by Jimenez et al.
(1998), where all the details can be found. In particular, we
reconstruct the composite stellar population (CSP) inhab-
iting each zone of the galaxies, for which we know the star
formation and chemical evolution history. In tables 1, 2 and
3 we show the predicted K- and B-band luminosities of the
galaxy models, obtained by integrating the contributions of
each zone out to 10 Reff whereas the colors for the inner
zone are plotted in Fig. 10.
2.5 Galactic models
We run models for elliptical galaxies in the baryonic mass
range 1010 − 1012M⊙. Mlum is the ’nominal’ mass of the
object, i.e. the mass of the initial gas budget (we recall that
we normalize the infall law between t = 0 and t ∼ tgw).
The mass in stars at the present time is ∼ 0.2 − 0.4 Mlum
for all the models and the velocity dispersion σ is evaluated
from the relation M = 4.65 · 105 σ2Reff M⊙ (Burstein et
al., 1997). The effective radius Reff is the final one, achieved
when the collapse is over and this occurs roughly at the time
τ .
The models are:
(i) Model I: Salpeter IMF, τ constant with galactic mass
(see Table 1).
(ii) Model II: Salpeter IMF, τ decreasing with galactic
mass (see Table 2).
(iii) Model III: as Model II, but with Arimoto & Yoshii
IMF (see Table 3).
Moreover, for each model we considered the following
cases:
a: τ constant with radius.
b: τ decreasing with radius.
c: τ increasing with radius.
3 RESULTS
3.1 The [el/Fe] vs. [Fe/H] relations
First of all we present the chemical properties predicted in
the core of ellipticals. In particular, we show the behaviours
of the main chemical species in the ISM of these galaxies.
Unfortunately, the only way to derive abundances in ellip-
ticals is through metallicity indices measured in integrated
stellar spectra. Therefore, in order to compare our results
with observations, we need to transform our model pre-
dictions into line-strength indices (see section 3.1.1), thus
adding possible sources of systematic errors. In the follow-
ing we present our results concerning the real abundances
expressed in the usual bracket notation, where solar abun-
dances are taken from Anders & Grevesse (1989), unless
otherwise stated.
The main parameters of Models I, II and III , as well as
their predicted photo-chemical properties are shown in Ta-
bles 1, 2 and 3, respectively. In particular, in column 1 we
present the luminous mass of the model. The assumed ef-
fective radius, star formation efficiency, infall timescale and
galactic wind occurrence for the central (i.e. 0 − 0.1Reff )
zone are shown in columns 2, 3, 4 and 5 respectively. In col-
umn 6 we show the Mg2 index predicted by means of Tan-
talo et al.’s SSP (see next section), whereas in column 7 we
present the predicted mean stellar [< Mg/Fe >]∗. The last
two columns contain the predicted B- and K-band galactic
luminosities. We stress that the values in the galactic core
are constrained by the observed relations, so are the same in
all the different cases (a, b and c). In other words, the results
presented in these Tables are indipendent of the assumed re-
lation between τ and the galactic radius. As expected from
the assumed increase of ν with the galactic mass, in each
model the galactic wind occurs earlier in the more massive
galaxies. It is worth noting that in Larson’s model (1974),
as well as in Arimoto & Yoshii’s (1987) and Matteucci &
Tornambe`’s (1987) models, the efficiency of star formation
was assumed to be constant or to decrease with galactic
mass, thus leading to the situation of the classical wind sce-
nario. In the core of the largest objects the active evolution
stops at ∼ 0.5 Gyr, whereas it can last more than 1 Gyr
in the central regions of a 1010M⊙ galaxy. As we shall see
in section 3.1.2, this sequence in the development of the
galactic winds is needed to reproduce the observed Mg en-
hancement relative to Fe in bright ellipticals. In our models
τ and ν work together in the same direction, producing, in
the more massive systems, a star formation rate peaked at
earlier times and with higher peak values than in the smaller
ones. The increase of the star formation efficiency, in spite
of the shorter duration of the star formation process, leads
to a higher metal enrichment in the most massive galaxies.
Therefore, this mechanism preserves the mass-metallicity re-
lation which was the main achievement of the classic wind
models.
In Fig. 1 we plot the predicted curves for the [α/Fe]
abundance ratios versus [Fe/H] in the ISM of the central
zone (0 − 0.1Reff ) for a 1011M⊙ Model II galaxy. Similar
trends are predicted by Model I, whereas we obtain system-
atically higher [α/Fe] ratios in the curves predicted by Model
III, due to its flatter IMF. The high values ([α/Fe]> 1) at
very low metallicity are due to the adopted yields, as it can
be clearly seen from Fig. 2 comparing Model II predictions
(dotted curve) with those from Pipino et al. (2002) best
model, adopting the yields of Woosley & Weaver (1995),
which are systematically lower by ∼ 0.2 − 0.4 dex. On the
other hand, the α-element overabundance relative to Fe, and
its decrease with increasing metallicity is due to the differ-
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Model I
Mlum Reff ν τ tgw Mg2 [< Mg/Fe >] LB LK
(M⊙) (kpc) (Gyr
−1) (Gyr) (Gyr) (1010L⊙) (10
10L⊙)
1010 1 3 0.2 1.114 0.276 0.259 0.08 0.35
1011 3 10 0.2 0.570 0.283 0.305 0.79 3.95
1012 10 27 0.2 0.499 0.327 0.316 7.25 40.6
The values presented in this table are referred to the central (0→ 0.1Reff ) zone of the models. The
calibration used for Mg2 is from Matteucci et al. (1998), see section 3. The luminosities are referred to
the whole galaxy.
Table 2. Model II
Mlum Reff ν τ tgw Mg2 [< Mg/Fe >] LB LK
(M⊙) (kpc) (Gyr
−1) (Gyr) (Gyr) (1010L⊙) (10
10L⊙)
1010 1 3 0.5 1.299 0.267 0.150 0.07 0.33
1011 3 10 0.4 0.709 0.298 0.206 0.78 3.92
1012 10 22 0.2 0.544 0.328 0.303 7.42 41.3
The values presented in this table are referred to the central (0 → 0.1Reff ) zone of the models. The
calibration used for Mg2 is from Matteucci et al. (1998), see section 3. The luminosities are referred to the
whole galaxy.
ent origin of these elements (time-delay model, Matteucci &
Greggio, 1986, see section 2.3).
The α-elements exhibit different degrees of enhance-
ment with respect to Fe. This is due, from a theoretical point
of view, to the different degree of production of each element
in type II and Ia SNe. In particular, Si and Ca show a lower
overabundance relative to Fe than O and Mg. From an ob-
servational point of view, the measure of the CaII triplet
in the near infrared is considered as a good tracer for the
global metallicity, since it is independent from the age (e.g.
Idiart et al. 1997). The observations show that, although
Ca belongs to the α elements, the strength of the observed
lines follows very closely [Fe/H] instead of [Mg/H] (Worthey,
1998; Trager et al., 1998; Saglia et al. 2003). In particular
Thomas et al. (2003) suggested [Ca/Mg] = -0.3, and Saglia
et al. (2003), after a detailed analysis of several possible
sources of error, claimed that the Ca depletion in ellipticals
might be real. Our calculations suggest [< Ca/Mg >∗] =-
0.152 and [< Ca/Fe >∗] =-0.03 (these values are referred to
the core of a 1011M⊙ Model II galaxy). These results can be
explained simply in terms of yields, since Ca is produced in
a non-negligible amount by type Ia SNe. In fact, the mass
of Ca ejected during a SNIa explosion in the model W7
(Nomoto et al., 1997) is ∼ 0.012M⊙, whereas the contribu-
tion of type II SNe averaged on a Salpeter IMF in the mass
range 10− 50M⊙ is ∼ 0.0058M⊙ (see Table 3 of Iwamoto et
al., 1999). Silicon, for the same reason of Ca, presents a very
similar behaviour and a clear evidence of these departures
from the α element abundance pattern (represented by O
and Mg) at high [Fe/H], as it can be be seen in Fig. 1.
The behaviour of the [O/Fe] abundance ratio in the ISM
of several galactic models is analysed in Fig. 2, where we plot
the new model results for different galactic masses compared
to predictions from Pipino et al. (2002) best model. From
Fig. 2 we infer a higher [O/Fe] in the ISM of the larger
galaxies at a fixed [Fe/H], as a consequence of the effect
of the more efficient star formation rate in the brightest
galaxies relative to the smaller ones.
Finally, in Fig. 3, theoretical [C/Fe] and [N/Fe] abun-
dance ratios in the ISM as functions of [Fe/H] are shown
Figure 1. Theoretical [O, Mg, Si, Ca/Fe] abundance ratios in the
ISM as functions of [Fe/H] predicted by Model II, for the core of
a 1011M⊙ galaxy. Solar value for O by Holweger (2001). The time
for the occurrence of the galactic wind, tgw, is indicated.
for the core of a 1011M⊙ Model II galaxy. The fast increase
of N abundance with metallicity is expected, since N pro-
duced in massive stars is assumed to be only secondary (but
see recent calculations of Meynet & Maeder 2002, where a
small fraction of primary N from massive stars is predicted).
On the other hand, some primary N is produced in interme-
diate mass stars in the yields adopted here. C exhibits a
monothonic decrease that parallels the [O/Fe] behaviour al-
though the predicted overabundance of C relative to Fe is
much lower than for the α-elements and this is due to the
fact that C is largely produced in low and intermediate mass
stars.
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Table 3. Model III
Mlum Reff ν τ tgw Mg2 [< Mg/Fe >] LB LK
(M⊙) (kpc) (Gyr
−1) (Gyr) (Gyr) (1010L⊙) (10
10L⊙)
1010 1 5 0.3 1.234 0.421 0.534 0.03 0.39
1011 3 14 0.2 0.650 0.429 0.535 0.38 4.66
1012 10 27 0.1 0.504 0.453 0.581 4.00 50.0
The values presented in this table refer to the central (0 → 0.1Reff ) zone of the models. The calibration
used for Mg2 is from Matteucci et al. (1998), see section 3. The luminosities refer to the whole galaxy.
Figure 2. Theoretical [O/Fe] abundance ratios in the ISM as
functions of [Fe/H] predicted by Model II for the core of 1010 −
1012M⊙ galaxies. Solar value for O by Holweger (2001). Results
for Pipino et al. (2002) best model galaxy of 1011M⊙ are shown
by a long-dashed-dotted line.
3.1.1 Mass-Metallicity relations for ellipticals
From the observational point of view, we infer the pres-
ence of the so-called mass-metallicity relation from the in-
creasing strength of the metallic absorption lines with in-
creasing velocity dispersion of the galaxy (e.g. Faber et
al., 1977; Carollo et al., 1993; Gonzalez, 1993; Davies et
al., 1993; Trager et al. 1998, 2000). At the present time,
these relations are well established thanks to the increas-
ing number of observed galaxies (e.g. Colless et al., 1999,
give Mg2 = 0.257logσ − 0.305, with an intrinsic scatter of
0.016 mag. On the other hand, Bernardi et al., 2003, with
their huge sample of early type galaxies at z < 0.3, found
logMg2 ≃ (0.20±0.02)logσ, with an intrinsic scatter of 0.011
mag, and log < Fe >≃ (0.11 ± 0.03)logσ, with a scatter of
0.011).
In the following we focus on the two indices Mg2 and
< Fe >, which are related to the metallicity of the observed
object, but carry also information on its age (because of the
well-known age-metallicity degeneracy, e.g. O’Connel, 1976).
The first step in order to compare our predicted abun-
dances with the observed indices, is to compute the mean
stellar abundance of the element X (< X/H >≡< ZX >),
defined as (Pagel & Patchett 1975):
Figure 3. Theoretical [C,N/Fe] abundance ratios in the ISM as
functions of [Fe/H] predicted by Model II for the core of a 1011M⊙
galaxy.
< ZX >=
1
S0
∫ S0
0
ZX(S)dS , (9)
where S0 is the total mass of stars ever born contributing
to the light at the present time. We recall that, for mas-
sive ellipticals, results obtained by averaging on the stellar
mass are very similar to those obtained by averaging on the
stellar luminosity at the present time (which is the right pro-
cedure, since the observed indices are weighted on V-band
luminosity, see e.g. Arimoto & Yoshii, 1987; Matteucci et
al., 1998). Tests on the 1011M⊙ Model II galaxy confirm
these findings. In particular, the differences between these
two alternatives result into an offset of only a few percents
in the predicted indices. Then, we transform our chemical
information into indices by means of a calibration relation.
We adopt the calibrations derived by Matteucci et al. (1998)
from the synthetic indices of Tantalo et al. (1998a), which
takes into account the Mg enhancement relative to Fe:
Mg2 = 0.233 + 0.217[Mg/Fe]
+(0.153 + 0.120[Mg/Fe]) · [Fe/H ] ,
< Fe >= 3.078 + 0.341[Mg/Fe]
+(1.654− 0.307[Mg/Fe]) · [Fe/H ] ,
for a stellar population 15 Gyr old. For comparative pur-
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Figure 4. Right : Mg and Fe abundances in the stellar compo-
nent predicted by Model I (solid) and Model II (dotted) as func-
tions of galactic mass. Left : Line-strength indices predicted by
Model I (solid), Model II (dotted) and Model III (dashed), us-
ing Tantalo et al. (1998a) and Worthey (1994) calibrations (thick
and thin lines, respectively), plotted versus a collection of data
from Carollo et al. (1993), Trager et al. (1998), Gonzalez (1993),
Kuntschner (2000), Kuntschner et al. (2001). The typical errors
are shown in the panels.
poses we use also the calibration relations of Worthey (1994)
for a 12 Gyr old SSP with solar abundance ratios and
[Fe/H ] > −0.5.
These relations are:
Mg2 = 0.187 · [Fe/H ] + 0.263 ,
< Fe >= 1.74 · [Fe/H ] + 2.97 ,
In this way we can have a good estimate of the impact of
α−enhancement in the predicted metallicity indices, and we
are able to draw conclusions which are independent from the
assumed calibration.
Our models with Salpeter IMF (solid and dotted curves
in Fig. 4, representing Model I and II, respectively) fit
reasonably well the observed mass-metallicity relations, al-
though they predict a sligthly flatter slope with respect to
the observations. On the contrary, the model with AY IMF
(dashed line) predicts too high values for the line-strength
indices. The difference between the predicted slopes and the
observed ones could be due to a too low predicted metallic-
ity in our high mass models, which reflects in a lower Mg2
than the observed one, but it could also depend on other fac-
tors including the difference between the assumed mass of
the objects and that derived from the observed σ. Finally, it
could be due to the adopted calibrations. In particular, from
the bottom-left panel of Fig. 4, we note that the difference
between Model I and II predictions for Mg2, for a fixed cal-
ibration relation, reflects in an offset of < 0.02 mag, being
the slope of the mass-metallicity relations nearly the same.
On the other hand, the slopes are different when con-
sidering the two calibrations, and the predictions based on
α−enhanced tracks are systematically higher by ∼ 0.02 −
0.06mag. Going to numerical details, Model I predicts that
Mg and Fe abundances variation (between the highest and
the lowest mass model) are ∆[Mg/H] = 0.097dex (being
oversolar in both cases) and ∆[Fe/H ] = 0.203dex (see
right-hand panels of Fig. 4). These results translate into a
∆Mg2 = 0.046 (Tantalo et al. calibration), ∆Mg2 = 0.035
(Worthey calibration) and ∆log < Fe >≃ 0.05 (for both
calibrations). For Model II we obtain very similar results,
the only differences being a somewhat flatter behaviour of
[Fe/H] (∆[Fe/H] = 0.153dex) and a larger ∆Mg2 (= 0.061,
Tantalo et al. calibration), whereas ∆Mg2 = 0.027 for the
Worthey calibration. The main driver of this difference arises
from the variation of the [Mg/Fe] ratio, which increases
faster in Model II than in Model I. This implies that our
model predictions are not independent from the assumed
calibration, but this fact is in general less important than
a change in the IMF, as we can deduce by comparing the
curves in Fig. 4 for Model III with the observed points. In
fact, we rule out model III (AY IMF), whose predictions do
not match the observed indices (Fig. 4) and since the entries
in column 7 of Table 3 (to be compared with the expected
[Mg/Fe]∼ 0.2 − 0.4 of Fig. 6) show a too high Mg over-
abundance. Model III fails in reproducing these quantities
even if we assume an extremely short infall timescale and
WW95 yields for massive stars, which give lower [Mg/Fe].
These results reinforce the need of a Salpeter IMF in order
to reproduce the whole set of observables.
For what concerns the mass-< Fe > relation (always
in Fig. 4), the lowest mass models predict in general a
∼ 0.2 − 0.3A˚ higher < Fe > index than the average ob-
served value, also when the Worthey calibration is consid-
ered. This disagreement could be either due to the adopted
stellar yields, or to uncertainties in the data (see the large
spread in the observations in Fig. 4, and in particular in the
< Fe > index measurements which suffer larger uncertain-
ties than those of Mg2. Typical values are > 0.2A˚).
Finally, in the right panels of Fig. 4 we show our pre-
dicted Fe-mass and Mg-mass relations, when real abun-
dances and not indices are considered. The Figure indicates
a slight flattening of the [Fe/H] for the most massive ellipti-
cals, which is not present in the predicted [Mg/H]. This can
be due to the fact that in the inverse wind model picture
larger galaxies develop galactic winds before the less mas-
sive ones and therefore the type Ia SNe have less time to
restore Fe into the ISM.
3.1.2 [Mg/Fe]
A particular emphasis should be given to the observed in-
crease in the enhancement of Mg with respect to Fe going
to massive ellipticals (e.g. Worthey et al., 1992; Matteucci,
1994; Thomas, et al. 2002), since it represents a very strong
constraint on their star formation history. One can envis-
age several possibilities to account for this trend: a shorter
timescale of star formation which can be obtained by in-
creasing the star formation efficiency with galactic mass
which, in turn, induces the occurrence of galactic winds,
with consequent loss of the residual gas, earlier in the most
massive objects (inverse wind picture, see Matteucci 1994).
Another possibility is to assume that the IMF varies from
galaxy to galaxy becoming flatter with increasing galactic
c© 0000 RAS, MNRAS 000, 000–000
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Figure 5. Predicted relations for Model I (solid), Model II (dot-
ted) and a model with classic wind (Pipino et al., 2002, dashed)
are shown. Indices obtained with the Tantalo et al. calibration
are displayed with thick lines, whereas results obtained by means
of the Worthey calibration are shown with thin curves. Data
from Gonzalez (1993), Carollo et al. (1993), Kuntschner (2000),
Kuntschner et al. (2001). The typical error is shown in the top-
right corner. Mean stellar [Mg/Fe] versus [Mg/H] from the inner
zones of Model I and II are shown in the small figure.
mass. Finally, a decreasing amount of dark matter with in-
creasing luminous mass or a selective loss of metals could be
the cause for the increase of [Mg/Fe] (see Matteucci et al.
1998 for an extensive discussion). In this paper we consider
only the first possibility, as already discussed in the previous
sections.
In Fig. 5 we show the observed trend of Mg/Fe in el-
liptical galaxies by means of the quantity Mg2/log < Fe >
plotted versus (Mg2)0 (as a mass tracer) and our model
curves. We recall here that Mg2 is defined in magnitudes,
whereas < Fe > is in A˚, so in order to have consistent vari-
ations (i.e. on the same scale) of the two indices, we decided
to use log < Fe > as a tracer for [Fe/H]. Although there is
a good agreement between the predicted and the observed
slopes, our curves lie under the mean relation expected from
the fit to the observed values. This is a consequence of the
sligthly higher < Fe > predicted by our models (see top-left
panel of Fig. 4 and related discussion). We emphasize that
the inverse wind model is necessary to reproduce the ob-
served slope in the relations involving α-elements and Fe. In
fact, we see that the trend for Mg2/log < Fe > vs.(Mg2)0
relation predicted by a classic wind model (dashed line in
Fig. 5), with similar input parameters (see also Pipino et al.
2002 for the details of this model), is at variance with the
observed behaviour. Note, however, the large uncertainty af-
fecting this kind of diagnostic. In the small panel we show
for comparison the predicted trends for the real abundances
in the stellar populations of our galactic models.
In Fig. 6 we present our predictions for the mean stellar
[Mg/Fe] plotted against a set of data analysed and trans-
Figure 6. [Mg/Fe] as a function of galactic velocity dispersion
predicted by Model I (solid) and II (dotted) compared to the
data from Gonzalez (1993), Mehlert et al. (2000), Beuing et al.
(2002) converted to α/Fe ratios by Thomas, Maraston, & Bender
(2002). The typical error is shown in the bottom-right corner.
For comparison we show the theoretical curves obtained with the
same input parameters of Model II, but different yields (see text).
WW95: yields by Woosley & Weaver (1995). WW95m: yields by
Woosley & Weaver (1995) modified according to Franc¸ois et al.
(2003).
formed into [α/Fe] ratios by Thomas et al. (2002). It is clear
that Model I does not predict the right slope for the [Mg/Fe]-
σ relation, and the results become worse if we use a smaller
infall timescale. On the other side, Model II reproduces fairly
well the observed relation, thus leading us to the conclusion
that it can be chosen as the best one in our parameters
space. With this choice we fixed the free parameters ν and
τ in the nuclei of ellipticals. The other degrees of freedom,
represented e.g. by a possible change of ν and τ with radius
(see section 2.5 for the definition of the sub-models studied),
will be constrained by the analysis of the radial gradients in
metallicity and colors (sections 3.2 and 3.4, respectively).
Finally, we note that our results may be affected by
the choice of the stellar yields. It is known that the yields
by TNH give less iron (about 1/3 for massive stars) and
slightly more Mg than the set computed by WW95, thus
providing higher Mg/Fe ratios at a given metallicity (see
also Thomas et al., 1999; Ferreras & Silk, 2002). We run
our models also with WW95 yields and this implementation
translates in the need of a shorter τ than those presented in
Table 2 in order not to decrease the mean stellar [Mg/Fe].
When trying to evaluate the impact of the yields on the
predicted line-strength indices, the situation is complicated
by the adopted calibration. In particular, for the calibration
based on Worthey’s (1994) SSPs a shortening in τ would not
necessarily imply a decrease in the centralMg2 and < Fe >,
since they are functions of the Fe abundance alone, which
increases faster when WW95 yields are adopted.
In order to have a more quantitative picture, we show in
Table 4 the indices and the mean stellar [Mg/Fe] ratios pre-
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dicted by our best model when different yields compilations
are chosen. In column 1 the model is indicated; in columns 2
and 3 we present the adopted yields compilation and the as-
sumed infall timescale, respectively, whereas in column 4 we
show the time at which the galactic wind occurs. In columns
5 to 8 we show the indices predicted by means of either the
Tantalo et al. (T) or the Worthey SSP (W); the last col-
umn shows to the predicted stellar [< Mg/Fe >]. As an-
ticipated, the compilation of yields by WW95 translates in
the need of very short infall timescale, in order to match
the observed Mg overabundance. In particular, we have to
increase ν from 10 Gyr−1 to 20 Gyr−1 or more, in order to
obtain [< Mg/Fe >] > 0.1. This result is reinforced by the
last row of Table 4, where we show the predictions based on
Pipino et al.’s (2002) best model. This particular model in-
cluded WW95 yields and did not assume any initial gas flow
and predicted reasonable values for the central metallicity
indices as well as for the the mean stellar [Mg/Fe].
On the other hand, it is worth noting that the use of
WW95m set of yields gives the same results (within a few
percent) obtained with our Model II with TNH96. These
findings are also confirmed for the 1010M⊙ and 10
12M⊙
galaxies, as one can see from Figure 6 (dashed and long-
dashed curves for WW95 and WW95m cases, respectively).
In conclusion, we underline the need for an initial infall
episode, which allows us not only to build more realistic
models, but also to match simultaneously the metallicity in-
dices and the Mg overabundance in the core of bright ellipti-
cals. As one can deduce from Table 6, our predictions for the
central Mg2 and < Fe > are robust and independent from
the adopted yields compilation. The predictions for [Mg/Fe]
based on the best set of yields available are in reasonable
agreement with the observed ones only when the infall term
is present in the equation for the chemical evolution.
In concluding this section we want to stress that the
diagrams presented in Figs. 4 and 6 represent powerful and
independent tests for our models. In fact, in order to have
high central indices, we need a long star formation period
to obtain a suitable chemical enrichment; on the contrary,
high values of [Mg/Fe] require very short star formation
timescales. To give an example, to produce a better agree-
ment between the predicted curve and the observations in
Fig. 6, we should increase ν (or decrease τ ), but this pro-
duces lower values for Mg2 and < Fe >.
3.2 Metallicity gradients inside the galaxies
Once we have defined the influence of the total initial mass
of the objects in determining the parameters which regu-
late galactic evolution, we intend to investigate the varia-
tion of the star formation and gas accretion histories among
different regions of the same galaxy. In order to extract in-
formation on the mechanism of galaxy formation, we make
use of the radial gradients in line-strength indices and col-
ors as measured in ellipticals. In this section we focus on the
variation of metallicity as a function of the galactocentric
distance, whereas in section 3.4 we study the color gradi-
ents.
Metallicity gradients are observed in the stellar popula-
tions inside ellipticals (e.g. Carollo et al., 1993; Davies et al.,
1993; Trager et al., 2000a). They can arise as a consequence
of a more prolonged star formation, and thus stronger chem-
ical enrichment, in the inner zones. In the galactic core, in
fact, the potential well is deeper and the wind develops later
relative to the most external regions (e.g. Martinelli et al.,
1998). From an observational point of view, however, the sit-
uation is not very clear. In fact, Davies et al. (1993) did not
find any correlation linking the gradients to the mass or the
(Mg2)0 of the galaxies, whereas Carollo et al. (1993) claimed
a bimodal trend with mass, in which the Mg2 gradient be-
comes flatter in high mass ellipticals. On the other hand,
Gonzalez & Gorgas (1996) found that the gradient correlates
better with (Mg2)0 than with any other global parameter.
Recently, Kobayashi & Arimoto (1999) analysed a compi-
lation of data in the literature, finding that the metallicity
gradients do not correlate with any physical property of the
galaxies, including central indices and velocity dispersion, as
well as mass and B magnitude.
In what follows we present only the results for Model
II, which seems to be the best in reproducing the mass-
metallicity relation and the Mg enhancement, and we try to
discriminate among the different sub-models (for their defi-
nition see section 2.5 and Table 5). In particular, we study
a galaxy of 1011M⊙ luminous mass by means of Model IIb,
which assumes a τ decreasing from the 0.4 Gyr in the in-
ner zone, to 0.01 Gyr at R = Reff , whereas in Model IIc
we adopted τ= 0.5 Gyr at the effective radius. A summary
of the sub-model properties for three particular shells (in
order to sample the core, the R ≃ Reff/2 zone and the
R ≃ Reff region, respectively) of a 1011M⊙ galaxy, is given
in Table 5. In column 1 both the internal and the external
radius defining that particular shell are shown; in column 2
we present the infall timescale at that radius, whereas in col-
umn 3 we show the time at which the galactic wind occurs.
In columns 4 to 7 we show the indices predicted by means of
either the Tantalo et al. SSP (T) or the Worthey SSP (W);
the last three columns present the predicted mean stellar
[< Mg/Fe >], [< Mg/H >] and [< Fe/H >], respectively.
However, conclusions similar to the results presented here
can be drawn for galaxies in the whole mass range. We re-
call that the central zone is the same in all the sub-models,
since it is constrained by the results on central indices and
[Mg/Fe].
We show our results for the predicted trend ofMg2 as a
function of radius in Fig. 7 for a 1011M⊙ galaxy by means of
Model IIa,b,c. All the observed galaxies, shown for compari-
son, have a measured mass of ∼ 1011M⊙. Each sub-model is
plotted in a different panel. In any case the curves obtained
with the Worthey calibration seem to agree better with the
observed slope. In the bottom-right panel of Fig. 7, we show
the predicted [Mg/H] abundance gradient as a function of
radius for the different sub-models. It is worth noting (as
evident also from the entries in Table 5) that the stellar
[< Mg/H >] as a function of radius behaves in the same
way in all the three sub-models, thus producing an identical
gradient (∆[Mg/H]
∆ log r
= −0.06) in all cases. On the other hand,
the predicted Mg2 versus radius appears different according
to the assumed calibration (e.g. Worthey or Tantalo et al.),
especially at large radii; the reason for this relies in the fact
that the calibration relations introduce a dependence on the
[Mg/Fe] and [Fe/H] (see Fig. 8) . As it can be seen from Fig.
7, we obtain a reasonable fit to the data only with Model
IIb and the Worthey calibration. In general our curves lie
around the average value of Mg2 at a given radius, but,
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Table 4. Model II with different yields for massive stars
Model Yields τ tgw Mg2 < Fe > [< Mg/Fe >]
(Gyr) (Gyr) T W T W
II TNH96 0.4 0.709 0.298 0.285 3.33 3.17 0.206
II WW95 0.4 0.704 0.240 0.295 3.34 3.27 -0.08
II WW95 0.1 0.564 0.264 0.289 3.32 3.21 0.04
II WW95m 0.4 0.705 0.299 0.288 3.36 3.21 0.194
P2002 WW95 - 0.439 0.299 0.274 3.26 3.07 0.253
The values presented in this table are referred to the central (0→ 0.1Reff ) zone for a 10
11M⊙ galaxy. The
indices obtained with the Tantalo et al. (1998) SSP are labeled with T, whereas W refers to the Worthey
(1994) SSP (see text). TNH96: yields by Thielemann et al. (1996). WW95: yields by Woosley & Weaver
(1995). WW95m: yields by Woosley & Weaver (1995) modified according to Franc¸ois et al. (2003). P2002:
results from Pipino et al. (2002) best model.
Table 5. Model II - Summary of sub-model properties
Sub-model/ τ tgw Mg2 Mg2 < Fe > < Fe > [Mg/Fe] [Mg/H] [Fe/H]
zone (Gyr) (Gyr) T W T W
a
0− 0.1Reff 0.4 0.709 0.298 0.285 3.33 3.17 0.206 0.07 0.116
0.4 − 0.5Reff 0.4 0.579 0.287 0.264 3.17 2.98 0.245 0.03 0.007
0.9 − 1Reff 0.4 0.544 0.284 0.258 3.12 2.92 0.258 0.02 -0.03
b
0− 0.1Reff 0.4 0.709 0.298 0.285 3.33 3.17 0.206 0.07 0.116
0.4 − 0.5Reff 0.2 0.490 0.293 0.257 3.13 2.92 0.306 0.03 -0.03
0.9 − 1Reff 0.01 0.308 0.317 0.236 3.04 2.72 0.532 0.02 -0.145
c
0− 0.1Reff 0.4 0.709 0.298 0.285 3.33 3.17 0.206 0.07 0.116
0.4 − 0.5Reff 0.45 0.594 0.287 0.266 3.18 2.99 0.236 0.03 0.014
0.9 − 1Reff 0.5 0.569 0.283 0.260 3.13 2.94 0.242 0.02 -0.016
Assumed infall timescale and predicted chemical abundances and line-strength indices as a function of
radius for a 1011M⊙ Model II galaxy. The calibrations used for Mg2 and < Fe > marked with T are
derived from the Tantalo et al. (1998) SSPs, whereas those labeled with W are based on Worthey’s (1994)
SSPs, see section 3. The abundance ratios in the last three columns are averaged over the stellar populations.
from a visual inspection of Fig. 7, it seems that every model
predicts flatter slopes than those deduced from the obser-
vational points, especially in the inner zones. However Mg2
gradients exhibit high dispersion in their slopes and central
values; therefore, in order to have more robust estimates, we
face this issue in a statistical way at the end of this section.
The fast decrease of the [Fe/H] ratio with radius in
Model IIb galaxy (see Table 5 and upper panel of Fig. 8)
produces a strong Mg enhancement in the outer regions,
which is responsible for the upturn in the predicted Mg2
at R ∼ Reff (solid curve in the top-left panel of Fig. 7)
when the Tantalo et al. calibration is adopted. The reason
for this unexpected behaviour, completely at variance with
the observed trend, could reside in the adopted ranges for
[Fe/H] and [Mg/Fe] in Matteucci et al. (1998), who pro-
vided a calibration law by adopting the SSPs of Tantalo et
al. (1998a) for specific values of the [Mg/Fe] ratio. In par-
ticular, these SSPs are limited to [Mg/Fe]=+0.3 whereas
our 1011M⊙ Model IIb galaxy has [Mg/Fe]=+0.532 in its
outermost zone. On the other hand, since Model IIb with
Worthey calibration produces the best gradient among the
whole set of sub-models, in the following we refer to this
model as to the best one.
This choice is confirmed by the analysis of the < Fe >
gradient (Fig. 8). The slope predicted by different sub-
models is flatter at larger radii, when considering the Tan-
talo et al. calibration (lines labeled with T). Also in this
case, Model IIb with Worthey’s relation agrees better with
the data. We note, however, that the results obtained with
the different sub-models and the two calibrations are consis-
tent with each other within 2− 3σ (the typical uncertainty
is shown on the left side of the Figure 8). In fact, observa-
tions show a large scatter and also a large range in slopes.
In any case, our best model well reproduces the mean val-
ues of the observed gradients. In fact, Davies et al. (1993)
mean slope for < Fe > gradient is −0.38 ± 0.26, consis-
tent with our predictions for a ∼ 1011M⊙ Model IIb: - 0.29
and - 0.45 for the Tantalo et al. and Worthey calibrations,
respectively. It is very important to compare these values
with the real abundance gradients. From Table 5 we derive
∆[Fe/H]
∆ log r
= −0.119 ,−0.261 ,−0.132 for Model IIa, IIb and
IIc, respectively. Model IIb shows a very steep gradient in
Fe (see small panel of Figure 8), in good agreement with the
mean metallicity gradient found by Kobayashi & Arimoto
(1999) ∆[Fe/H]
∆ log r
= −0.30± 0.12, and the results of Davies et
al. (1993). A fundamental conclusion which can be drawn
from the discussion presented above, is that, while the vari-
ations in Mg2 depend on the radial gradients in [Fe/H] and
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Figure 7. Mg2 gradient predicted by different sub-models for
a ∼ 1011M⊙ galaxy compared with observations. Each symbol
correspond to one galaxy from Carollo et al. (1993). Predictions
for both Worthey (dashed line) and Tantalo et al. (solid line) cal-
ibration are plotted. The typical error for Mg2 is ∼ 0.002mag in
the innermost zone and ∼ 0.01mag at larger radii. In the bottom-
right panel, the predicted [Mg/H] abundance gradient is shown
for the three sub-models (see text for details) and the same galac-
tic mass.
[Mg/Fe] (see Fig. 8), the predicted < Fe > gradient reflects
instead the variation of the real abundance, [Fe/H], as a
function of galactic radius (see Fig. 8).
As a further step in our analysis, we followed the sug-
gestion by Kobayashi & Arimoto (1999). In particular, we
derived the slope and the intercepts of line-strength gradi-
ents via a least-square fit:
Mg2(ri) = (Mg2)eff +
∆Mg2
∆ log r
log
ri
reff
, (10)
whereMg2(ri) is the index predicted in the i−th shell of ra-
dius ri and the subscript eff means that the values are com-
puted at the effective radius Reff . The same procedure was
carried out by Kobayashi & Arimoto (1999) for the observed
gradients. To be consistent with the gradients obtained from
the observations we limit our analysis to 0.1 Reff , since
Kobayashi & Arimoto (1999) neglected data taken at inner
radii to avoid seeing effects. We applied this procedure to
galactic models in the 1010 − 1012M⊙ mass range and our
results are plotted in Fig. 9. With this kind of diagnostic we
can check in a statistical way whether the predicted slopes
match average value of the observed ones as a function of
the galactic mass, in order to obtain a more quantitative
comparison between our Model IIb and the observed gradi-
ents.
We tuned τ in order to obtain reasonable values for the
indices in each zone. In particular, we fixed τ = 0.01Gyr at
R = Reff for the models with initial masses of ∼ 1010M⊙
(as found for the ∼ 1011M⊙ case), and τ = 0.06Gyr for
the most massive galaxies. From the bottom panel of Fig. 9
we note the excellent agreement with the average value of
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Figure 8. < Fe > gradient predicted by different sub-models for
a ∼ 1011M⊙ galaxy compared with observations. Each symbol
corresponds to one galaxy from Davies et al. (1993) data. The
predictions based on Worthey calibration are labeled with W,
whereas those from Tantalo et al. with T. The typical error is
shown on the left. In the small panel in the top-right corner we
show the predicted [Fe/H] as a function of radius for the same
models.
Figure 9. Mg2 gradient slope and intercept defined as in eq. 10
from Model IIb. Data from Kobayashi & Arimoto (1999).
Mg2 measured at the effective radius. Our model predicts
a logarithmic slope for this index which is very close to the
average observed gradient, although we obtain slightly flat-
ter gradients for the most massive galaxies. This is a clear
consequence of the adopted inverse wind scenario, in which
the more massive galaxies form faster. In any case, this ap-
proach allows us to show the goodness of our models in a
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clearer way than that presented in Fig. 7. The little disagree-
ment with observations can be explained as a consequence
of the predicted metallicity in the core of the most massive
galaxies, which seems to be smaller than the observed one
(at least for what can be deduced from the comparison made
in Fig. 4). As evident from Figure 9, there is a large scatter
in the observed slopes, but on the average ∆Mg2
∆ log r
seems to
be independent from the mass of the galaxies.
As in the case of the central indices, the combined anal-
ysis of Mg2 and < Fe > variations along the galactic ra-
dius can provide a measure of the [Mg/Fe] gradient. A re-
liable extimate of the slope of the [Mg/Fe] gradient repre-
sents a very useful tool to discriminate between outside-in
and inside-out formation scenarios. Our best model predicts
∆[Mg/Fe]
∆ log r
= 0.326 (in the case of a ∼ 1011M⊙ galaxy),
whereas model IIa and IIc seem to suggest flatter slopes.
Hints for a positive slope in the most massive galaxies, in
agreement with our predictions, can be found in the anal-
ysis made by Ferreras & Silk (2002) based on Trager et al.
(2000a) data; however the scatter increases and the mean
slope for a given galactic mass decreases if the Kobayashi
& Arimoto (1999) compilation is added to the Trager et al.
(2000a) points. On the other hand, in a very recent study
of Coma early-type galaxies, Mehlert et al. (2003) claimed
that, on average, these galaxies do not exhibit gradients
in α/Fe, thus disfavoring models with strong inside-out or
outside-in formation scenarios. Given the importance of the
topic, larger compilations of homogeneus data are required
before considering this issue completely solved.
3.3 Color-Magnitude relation
In the following sections we focus on the photometric results,
in order to show how the good agreement achieved between
Model IIb and the abundance patterns translates into a fit of
the observed colors. In order to do that, we followed the stan-
dard route in the context of the monolithic collapse, namely
the CMR arises directly from the mass-metallicity relation
(i.e. stellar populations with higher metal content show red-
der colors). Moreover, the very small scatter observed in the
colors as a function of the total V magnitude for galaxies in
Virgo and Coma clusters (Bower et al., 1992), and the fact
that it is observed in different environments and at different
redshift (e.g. Stanford et al., 1998; Bernardi et al., 2003) are
interpreted as evidences of an highly syncronized epoch of
elliptical formation at high redshift (Bower et al., 1992; Ren-
zini & Cimatti, 1999). However, from a theoretical point of
view, the well-known age-metallicity degeneracy implies that
the presence of a significant fraction of younger (i.e. bluer)
stellar populations can be masked if they have a high metal
content. This kind of age-metallicity conspiracy has been
claimed by several authors (e.g. Trager et al., 1998, 2000;
Ferreras et al., 1999; Jorgensen, 1999, but see Kuntschner,
2000, and Kuntschner et al., 2001, for a different point of
view) in order to reconcile the tightness of the CMR with
evolutionary model in which the star formation continues
until low redshifts, as a consequence of late mergers. The
question is still under debate and we intend to assess this
issue separately in a forthcoming paper. Therefore, we as-
sume our galaxies to form simultaneously at high redshift.
We recall that the epoch of galaxy formation adopted in this
paper is zf = 5 (i.e. our model ellipticals are 12.3 Gyr old).
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Figure 10. Predicted CMRs for Model I (empty hexagons),
Model II (full hexagons) and the best model by Pipino et al.
(2002, triangles). The solid lines represents the fits of Bower et
al. (1992b) data, with their 1σ scatter (dashed lines). The pre-
diction from the model with fixed metallicity (Z=0.03, see text)
is shown by a cross.
In a future paper we shall analyse galactic models in
which alternative scenarios of galaxy formation will be as-
sumed. In particular we intend to test the possible role of
merging, late episodes of gas accretion, secondary bursts of
star formation in the CMR and the chemistry of ellipticals.
Before presenting the photometric results, we recall that
Jimenez et al. (1998) photometric code was applied to the
SSPs predicted by our models, thus taking into account in
a self-consistent way the chemical evolution of the ISM.
Fig. 10 shows the predicted Color-Magnitude relations
for U-V, V-K and J-K colors (Model I and and II) versus
total V magnitude compared to the observed data which
are represented by their best fit (Bower et al., 1992b; solid
lines). The predicted colors are obtained by adding the dif-
ferent shells contributions up to ∼5 kpc from the galactic
center, whereas the total MV is relative to the whole galaxy
(up to 10 Reff ), in order to be consistent with Bower et
al. (1992a), who obtained their data on colors with a fixed
aperture of 5h−1 kpc, whereas, for the V magnitude, they
used its total value (see Kawata, 2001, for a detailed discus-
sion). This procedure becomes necessary for a sampling of
the central regions in the high mass models, since it simu-
lates the observed aperture and it can be done simply by
avoiding the inclusion of the most external parts, where the
presence of the color gradients would make the predicted
colors bluer. Model I and II agree very well with the data in
the J-K and U-V versus MV diagrams. We note a slightly
flatter trend for our curves relative to the data, but still con-
sistent within the scatter (∼ 0.04 mag, Bower et al. 1992b,
dashed lines in Fig. 10) of the observed galaxies around the
mean relation. We recall that also the slopes obtained from
the fit to the data have their own error of 0.01 (see Bower et
al. 1992b). For comparison, we plot also the CMR predicted
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Figure 11. Predicted V-K versus velocity dispersion for Model
I (empty hexagons) and II (full hexagons) compared to the data
from Mobasher et al. (1999, triangles). The line represent the fit
of the data. The prediction from a model with fixed metallicity
(Z=0.03, see text) is shown by a cross.
by Pipino et al. (2002) best model (triangles). In spite of the
fact that this model is very similar to the ones presented in
this paper, it does not consider infall, thus it produces a
larger fraction of stars formed from low-metallicity gas than
our Model II. Consequently, the lower mean metallicity pre-
dicted for the stellar populations in the best model of Pipino
et al. (2002) makes the galactic light bluer. We do not show
Model III results, since they fail in reproducing the CMR
(e.g. V −K ∼ 3.7 for the more massive galaxies) due to a
too high mean stellar metallicity.
On the other hand, our model predictions fail in repro-
ducing the right slope for V-K versus MV . In particular, we
found a V-K which is about 0.5 mag less than the observed
one for the most massive galaxies. This problem becomes
more evident in Fig. 11, where we plot the color as a function
of the galactic velocity dispersion. However, we consider this
particular plot less constraining than the color-MV diagram,
since the predicted relation could be sistematically biased by
the relation adopted to convert the total magnitude of the
object into the observed σ. Several authors in the literature
(e.g Arimoto & Yoshii, 1987; Romano et al., 2002) pointed
out that, since the V-K color has a strong dependence on the
global metallicities, models with Salpeter IMF hardly match
the observed CMR, producing in general bluer galaxies. On
the other hand, the fact that the V - K predicted by the best
model of Pipino et al. (2002, with inverse wind but without
infall) flattens at high luminosities, reinforces the conclu-
sion that the disagreement is caused by a too low predicted
metallicity for the cores of the most massive ellipticals with
respect to observations, and not by the presence of the initial
infall episode. We tried to reconcile our predictions with the
data by varying ad hoc the mean stellar metallicity (< Z >),
while we kept fixed the IMF and the star formation history
for the 1012M⊙ Model II galaxy. In Table 6 we show the
Table 6. The effect of metallicity on colors.
< Z > MV LB LK U-V V-K J-K
(1010L⊙) (10
10L⊙)
0.02 -22.7 7.78 40.5 1.49 3.03 0.99
0.03 -22.5 6.29 41.2 1.63 3.12 1.02
0.04 -22.3 4.80 41.9 1.76 3.39 1.10
0.10 -21.8 2.93 47.6 2.30 3.34 1.26
Model II -22.6 7.42 40.6 1.46 3.04 1.00
Model BC -22.2 5.49 26.9 1.41 3.02 0.87
Luminosities and colors predicted by a 1012M⊙ galaxy of Model II, com-
pared to models with fixed metallicity, but same star formation history.
Model BC: Model II colors predicted by means of Bruzual & Charlot (1993)
code with solar metallicity.
colors obtained with several fixed metallicities compared to
our case (Model IIb) which predicts < Z >= 0.025. Since
the differences in the stellar evolution prescriptions included
in the photometric codes could generate 0.25 mag discrep-
ancies in V-K (Charlot et al., 1996), we checked our finding
by comparing it with the results obtained with the Bruzual
& Charlot (1993) code with solar metallicity, applied to our
Model II.As it can be seen from the last row of Table 6, also
in this case the predictions do not agree with the observed
values. We reject the high metallicity models, which predict
redder colors than the typical values of the observed CMR
(see the entries in Table 6) for a given MV . On the other
hand, the < Z >= 0.02 model predictions are very simi-
lar to our ’self-consistent’ case, as expected, since they have
nearly the same metallicity. The model with < Z >= 0.03
(cross in Figs. 10 and 11) gives a better fit for the V-K -
MV relation, but makes the agreement slightly worse for
the other two colors. In conclusion, in order to have a good
fit to the three CMRs, it is necessary to increase the mean
stellar metallicity from < Z >= 0.025 to < Z >= 0.035 at
most. This can be obtained by assuming a slightly flatter
IMF with exponent x=1.25, which gives Mg2 = 0.312mag,
< Fe >= 3.42 A˚ and [Mg/Fe] = 0.341 dex in the central
zone (still consistent with observations) and < Z >= 0.037
within the inner 5 kpc.
3.4 Color gradients
The analysis of the color gradients in the stellar populations
of elliptical galaxies can reinforce the results found in the
previous sections. It is, in fact, observed (e.g. Peletier et al.
1990) that stars in the galaxy centers are redder than those
in the outer regions, and colors become progressively bluer
with increasing radius. Also in this case, the variation of
the gradient strength as a function of redshift seems to be
consistent with passive evolution (Saglia et al., 2000). The
analysis of these gradients out to redshift ∼ 1 led Tamura
et al. (2000) to the conclusion that they originate mainly
from the variations in the mean stellar metallicity rather
than from an age sequence. Following the same procedure
adopted in section 3.2 to compare the predicted metallicity
gradients with observations, we show in Figs. 12 and 13 the
slopes and the intercepts at R = Reff/2 for U-R and B-
R color gradients as predicted by Model IIb and compared
with the data from Peletier et al. (1990).
As expected from the good agreement between our mod-
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Figure 12. Predicted U-R color gradient as a function of galactic
total MB for Model IIb compared with the data from Peletier et
al. (1990).
Figure 13. Predicted B-R color gradient as a function of galactic
total MB for Model IIb compared with the data from Peletier et
al. (1990).
els and the line-strength gradients, we note from the figures
that the predicted intercepts at R = Reff/2, as well as the
slopes, are pretty close to the average value of the observed
ones. With the help of this diagnostic we can rule out the
sub-model c with τ < 0.2Gyr in the inner zone, since it pro-
duces positive color gradients due to the presence of galactic
winds which start earlier in the core than in the outskirts of a
galaxy. Therefore, we can rule out inside-out mechanisms for
the formation of elliptical galaxies similar to those invoked
for spiral discs (e.g. Matteucci & Franc¸ois, 1989; Chiappini
et al., 1997), in which a strong (i.e. ∆τ >> 1Gyr) variation
in τ between the innermost and the outermost regions is as-
sumed. In this case, the timescale for the infall is increasing
with galactic radius, inducing the external regions to evolve
much more slowly than the internal ones. A large variation
in age between the inner and the outer stellar populations
seems to be ruled out also by the recent results of Mehlert
et al. (2003, see also Sec 3.2).
It is worth noting that Menanteau et al. (2001a) showed
that a fraction of field early-type galaxies exhibit blue cores.
The properties of these galaxies can be reproduced by means
of Martinelli et al. (1998) multizone model, which is an
outside-in formation model as the one presented here, and
by assuming that only ∼ 20% of the galaxies have been
formed very recently (Menanteau et al., 2001b), being the
blue color of the central region of the galaxies associated to
more prolonged star formation in the core with respect to
the outskirts. Moreover, it is well known that field ellipticals
as a whole are ∼ 1 − 2 Gyr younger than the counterpart
living in clusters (e.g. Bernardi et al., 1998). The presence
of a late episode of star formation in the galactic core can
be explained in terms of accretion/merging events or by a
residual star formation which survived the development of
the galactic wind in the very center of the galaxy.
3.5 Mass to light ratio
In this last section we deal with the fundamental plane and,
in particular, we focus on the possible variation of the mass-
to-light ratio as a function of the mass of the galaxy (FP
seen edge-on). We recall that if ellipticals were a perfect ho-
mologous family, the FP could be explained by means of the
virial theorem (e.g. Renzini & Ciotti, 1983). The difference
from the expected relation in the plane seen edge-on is called
the tilt of the FP. The FP edge-on is simply the projection
of the locus in which ellipticals lie on the plane formed by
the two parameters κ1 and κ3 linked to the mass and to
the mass-to-light ratio (M/L), respectively (see Bender et
al., 1992; Burstein et al., 1997). Therefore the observed tilt
translates into a systematic variation of the M/L with the
mass or the luminosity.
Our results in the B and K-band are plotted in Fig.
14, where the solid line represents the fit to Mobasher et al.
(1997) data in the near-infrared, and the dashed line the fit
to Burstein et al. (1997) data in the B-band derived at the
effective radius. The predicted luminosities for our galax-
ies are given in Tables 1 and 2, whereas the stellar masses
adopted in deriving the mass-to-light ratio are ∼ 20−30% of
the nominal mass. In both bands our models exhibit a flat
behaviour at odds with observations, and this is because
we assume a constant IMF. However the average theoret-
ical M/LB values are close to the observed ones, whereas
the M/LK values suffer from the effects of the too low LK
predicted by our models. In fact, since we are using the stel-
lar mass, i.e. neglecting the contribution of the dark matter,
the only solution (at fixed IMF) in order to match the ob-
served M/LK is to increase the K-band luminosity. In order
to solve this discrepancy, one possibility could be a change
in the mean stellar metallicity of the same factor we need to
match the V-K color in high mass ellipticals. By using the
B-luminosities displayed in Table 6, we infer a increase in
log(M/LB) of the order of ∼ 0.1 − 0.2 for a < Z >= 0.035
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Figure 14. Predicted M/L in B- and K-band for Model I (empty
hexagons) and Model II (full hexagons) as a function of the galac-
tic mass. Solid line: fit from Mobasher et al. (1997) data in the
near-infrared. Dashed line: fit from Burstein et al. (1997) for the
B-band.
model. If this change is applied only to the most massive
galaxy, it could help in reproducing the right slope.
A solution often invoked to explain the tilt of the FP is
a change in the IMF, which has to become flatter with in-
creasing initial mass (e.g. Renzini & Ciotti, 1993; Matteucci,
1994). In this case we still have a change in metallicity, but
also a decrease in the low-mass stars contributing to the
mass observed at the present time. If we consider a case in
which the 1010M⊙ galaxy of Model II has a Salpeter IMF
and the 1012M⊙ galaxy an AY one, we obtain aM/LB ratio
increasing of about a factor of 1.3, with a slope which be-
comes steeper and similar to the observed one. On the other
hand, the log(M/LK) decreases to the value of -0.32, thus
reaching the observed relation, but producing a decreasing
trend in log(M/LK) as a function of mass, completely at
variance with the solid line in Fig. 14. In any case, such kind
of model would fail in reproducing the CMR (see section
3.3), and the Mg2−mass relation (with (Mg2)0 > 0.35mag
for the most massive galaxies). We also tried the intermedi-
ate IMF used in section 3.3.
However, recent results from Scodeggio et al. (1998)
seem to question the tilt of the FP, at least in the near
infrared. After correcting for the completeness, they found
M/LB ∝ L0.18B and M/LK ∝ L0.08K . Furthermore they claim
zero tilt in the K-band in case of fully corrected samples. In
this case the increasing slope of the mass-to-light ratio for
bluer bands is driven by the CMR. Finally, other possible
solutions to the tilt of the FP not investigated in the present
paper, invoke e.g. deviation from homology (e.g. Busarello
et al., 1997), or changes in the DM content as a function of
luminous mass (see Ciotti & Renzini, 1993).
4 DISCUSSION AND CONCLUSIONS
In this paper we have demonstrated how the majority of the
observables in ellipticals can be reproduced within a reason-
able agreement by using a multizone model for the photo-
chemical evolution of elliptical galaxies based on the stan-
dard collapse of a gas cloud on short timescales occurring
at high redshift. In particular, we fixed the free parameters
in our best model (namely the collapse timescale τ and the
efficiency of star formation ν), by requiring that they can
reproduce the mass-metallicity and the color-magnitude re-
lations, as well as the Mg enhancement in massive galaxies
and the metallicity gradients. After a detailed analysis, we
ruled out models with a flat IMF (x=0.95, Model III) or with
infall timescale constant with galactic mass (Model I). Our
best model has a Salpeter IMF, a star formation efficiency
increasing with galactic mass and a shorter infall timescale
for the most massive objects.
Before concluding, we discuss here some of the assump-
tions made in this paper and their consequences for the the-
ory of galaxy formation and evolution.
First of all, we focus on the relative weights that the star
formation efficiency and infall timescale have in driving the
mass-metallicity relation. In particular, our assumptions on
τ and ν can be discussed in the light of previous results. This
issue, in fact, has been recently investigated also by Ferreras
& Silk (2003). With the help of a simple model of star for-
mation they explore the correlation between U-V colour and
[Mg/Fe] ratios and conclude that a scenario where ν ∝Mlum
should be favoured. Thomas et al. (2002) favour also a sim-
ilar model, in which the more massive objects formed stars
at very high redshift, with a typical duration of the star for-
mation of ∼ 0.5 Gyr, whereas less massive galaxies could
exhibit star formation even at z < 1. Moreover, Ferreras &
Silk (2003) conclude that the effects of ν and τ are degener-
ate, so they can be at work together, in a scenario in which
τ ∝ 1/
√
M lum. An infall timescale decreasing with galactic
mass can be physically motivated on the basis of the follow-
ing arguments. First of all, in a galactic formation scenario
in which the galaxies are assembled starting from gas clouds
falling onto the galactic potential well, the more massive ob-
jects have a higher probability (i.e. a higher cross section)
to capture the clouds than the less massive ones, thus com-
pleting their assembly in a faster timescale (Ferreras & Silk,
2003) . This picture is consistent with the other fundamen-
tal hypothesis of this paper, namely that ν increases with
the galactic mass. In fact, the inverse wind picture can be
explained by higher densities or higher cloud-cloud collision
velocities in more massive ellipticals, determined by the as-
sembly of these galaxies by means of the merging of gaseous
protoclouds (Matteucci, 1994). Moreover, as a consequence
of the more intense star formation, the more massive galax-
ies experience a stronger SN feedback with respect to the
less massive ones. Therefore, the gas in the hot phase is
able to halt the cold infalling gas earlier in a 1012M⊙ model
than in a 1010M⊙ galaxy, thus making shorter the accretion
timescale of the former with respect to the latter.
This is in contrast with the belief that the infall
timescale should be proportional to the free-fall time, as
suggested by several authors (e.g. Tantalo et al. 1998b, Ro-
mano et al. 2002). In fact, Tantalo et al. (1998b) assumed τ
to be an increasing function of the galactic mass, while their
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ν increases with decreasing galactic mass and, within the
same model, going towards larger radii. This is necessary, in
their model, to create metallicity gradients inside the galax-
ies. In fact, although the physical meaning of this choice is
not clear, the increase in star formation efficiency with ra-
dius counter-balances the increase in the infall timescale and
preserves the metallicity gradient. We did not explore this
possibility, since an increasing ν with galactocentric radius
would mean that the star formation is more efficient where
the gas density is lower, at variance with observations and
with the concept of the ’inverse wind’.
On the other hand, Romano et al. (2002) avoided this
problem by assuming that the star formation has a shorter
duration in more massive systems due to the appearence of
a quasar phase, occurring first in the most massive systems.
Finally, in a recent paper, Kawata & Gibson (2003) sup-
ported the conclusion that τ should increase with the galac-
tic mass by means of chemodynamical simulations. They
found that radiative cooling becomes more efficient and thus
the gas infall rate increases with decreasing galactic mass.
However, they did not reproduce the [Mg/Fe] increasing
with galactic mass, since they did not assume ν increasing
with mass.
In conclusion, the τ − Mlum relation we found could
seem counter-intuitive in explaining the mass-metallicity re-
lation, particularly if we see the problem under a classic-
wind-perspective. Nevertheless, we underline that despite of
the shorter star forming period, more massive models have
a more efficient star formation (in our models it could be
about an order of magnitude higher, see Tables 1, 2 and 3)
and, thus, a faster metal production which can produce the
correct mass-metallicity relations and CMRs.
Only when we compare our predictions for line-strength
indices and colors for the 1012M⊙ case, we obtain a too
low predicted mean stellar metallicity. The very short star
formation timescale, constrained by the [Mg/Fe] ratio, does
not allow the galaxies to reach high values for the central
Mg2, and this could be a limit of the inverse wind picture;
however, we recall that these conclusions may depend on
the assumed index calibration (see section 3.2) and on the
adopted yields (see section 3.1.2), once the IMF has been
specified.
A possible way of solving the problem of the too low cen-
tral metallicity predicted in the core of massive ellipticals is
perhaps suggested by our best model. Since we showed that
a model with the infall timescale decreasing with radius is
the best one in reproducing the observed gradients in ellipti-
cals, we can imagine a scenario in which a galaxy forms very
fast in its external parts, while the inner regions are still ac-
creting gas and forming stars. In other words, this resembles
to the scenario proposed by Larson (1974) for the formation
of ellipticals. In this scenario, the first stars form all over
the original collapsing gas cloud and while the stars remain
where they formed, the residual gas keeps collapsing towards
the center. In this picture, the gas enriched in metals from
the first stellar generations accumulates in the galactic cen-
ter where the star formation lasts longer. In our model, the
star formation is then inhibited first in the outskirts of the
galaxies and later in the inner regions, owing to the heat-
ing of the ISM and consequent galactic wind. However, we
do not consider the possible radial flows connected to the
collapsing gas which settles towards the center. This mech-
anism could reconcile our predictions for the central indices
with the observations and provide a natural explanation for
our findings.
Another possibility for obtaining a higher central metal-
licity, could be a slightly flatter IMF in more massive galax-
ies. As we infer from the analysis of the CMR (Sec. 3.3) and
of the M/L (Sec. 3.5) an exponent x=1.25 could be the case
for a 1012M⊙ model.
Our main conclusions can be summarized as follows:
(i) Starting from a fast assembly of gaseous clouds at high
redshift, we obtain ∼ 12 Gyr old galaxies, suffering a galactic
wind at early times (tgw ≤ 1.3 Gyr) and undergoing passive
evolution since then, whose properties match very well many
observations. In particular, our best model reproduces the
Mg and Fe abundances in the cores as well as the Mg over-
abundance relative to Fe, as inferred from the analysis of
the line-strenght indices. The multi-zone formalism allows
us to predict the variation of these abundances and abun-
dance ratios with radius. We predict abundance gradients in
good agreement with observations, once a transformation of
abundances into indices is made. Furthermore we find that
the observed Ca underabundance relative to Mg can be real,
due to the non-neglibile contribution of type Ia SN to the
production of this element.
(ii) In the framework of the ’inverse wind’ model we sug-
gest that the most massive ellipticals formed stars for a
shorter period than less massive ones. This mechanism im-
plies that the most massive objects are older than the less
massive ones, in the sense that larger galaxies undergo pas-
sive evolution at earlier times. As a consequence of this and
the different roles played by type Ia and II SNe, we are
able to reproduce the observed increase of the average stel-
lar [< Mg/Fe >] with galactic mass (e.g. central velocity
dispersion).
(iii) The photometric properties such as the color-
magnitude relation and the color gradients have a natural
explanation as due to variations in metallicity.
(iv) The Salpeter (1955) IMF seems to be the best one
in order to reproduce the mean photo-chemical properties
of elliptical galaxies. We recall here that models with the
Salpeter IMF are also successful in reproducing the met-
als and the energy of the intracluster medium (Pipino et
al., 2002) as well as the chemical abundances in Lyman-
break galaxies (Matteucci & Pipino, 2002). Only in high
mass models a slightly flatter IMF seems to be required to
match the observed Color-Magnitude relation.
(v) The initial infall episode seems to be necessary to ex-
plain the observed [Mg/Fe]∼ 0.1 − 0.4 dex in the central
cores of elliptical galaxies. In fact, closed-box models would
predict, for the same stellar yields, too high values for the
[Mg/Fe] ratio. Furthermore, since the gas accretion mod-
ulates the star formation rate, the galactic wind and the
ISM enrichment history are strongly influenced by the in-
fall. Therefore, in our models, the initial accretion episode
represents one of the main drivers of the mass-metallicity
relations.
(vi) Elliptical galaxies have probably formed outside-in,
i.e. the most external regions are older and stop forming
stars before the central ones, a suggestion which needs to be
tested with detailed chemo-dynamical models.
c© 0000 RAS, MNRAS 000, 000–000
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